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Introduction  
     Q-space imaging1 (QSI) offers potential for indirect assessment of axonal architecture in white matter (WM)2 by exploiting the regularity of mo-
lecular diffusion restrictions, e.g. axon membranes and myelin sheaths3. The Fourier transform (FT) of the QSI signal is known as the displacement 
probability density function (d-PDF), which contains information on mean axon diameter (MAD)4,5. Analogous to k-space, the resolution of the d-
PDF is determined by the maximum q-value. However, for QSI, the FT is only valid in the short-gradient pulse approximation (SGPA). A major lim-
itation of QSI is that due to the SGPA the maximum gradient amplitude available on the commercial systems is insufficient for the resolution (ideally 
<1μm) required to study axons, which have an average diameter of 1-3 μm.  It is possible to build special high-amplitude gradient coils to increase d-
PDF resolution4, but sample size limitations make it impractical for clinical applications. Another approach would be to interpolate the d-PDF to 
achieve greater apparent resolution. In this work, we developed a nearest-neighbor interpolation algorithm based on subvoxel processing-based6 to 
increase the apparent displacement resolution and validated it with experimental data from d-PDFs of healthy mouse spinal cords (SC).  
Methods 
     Subvoxel processing is a non-linear nearest-neighbor interpolation method used to increase the apparent resolution of an image while minimizing 
partial voluming blurring6.  As applied to a 1D d-PDF, the method is based on two axioms: 1) smaller pixels are more likely to have higher d-PDF 
values, and 2) pixels with non-zero d-PDF values are generally next to other pixels with non-zero d-PDF values. The basic interpolation strategy here 
is to subdivide a pixel into two and assign new d-PDF values to each subpixel (Psub) based on d-PDF values of the original pixel (Po) weighted by the 
values of neighboring pixels: Psub = w × Po, where the weight, w, is a function of the d-PDF values of neighboring pixels to the left and right of the 
original pixel (Pl and Pr), e.g. w = Pr / (Pl + Pr). Linear extrapolation was used for calculation of the new zero-displacement probability and the inter-
polated d-PDF was smoothed with a moving average window. This process can be repeated to further increase the apparent displacement resolution.  
     Previously published data4,5 was used to validate this method. A brief summary of the methodology is given below. Five fixed SC sections were 
dissected from adult female C57 BL/6 mice. QSI was done with a custom-built 50T/m z-gradient/RF coil set interfaced to a 9.4T micro-imaging sys-

tem (Bruker DMX 400). A diffusion-weighted stimulated-echo se-
quence was used: 64×64, FOV/THK=4/1mm, and 
TE/Δ/δ=17.4/10/0.4ms. The diffusion gradient was applied perpendicu-
lar to the SC long axis in 64 increments of q (qmax=0.82 μm-1). d-PDFs 
were calculated over ROIs selected within seven WM tracts know to 
have varying MADs. MAD is estimated from the full-width-at-half-
maximum (FWHM) of the d-PDF, which was shown to agree reasona-
bly with MAD measured from histology4. 
     The d-PDFs were acquired under ideal experimental conditions with 
high displacement resolution (0.4μm). Therefore, they could be used as 
a gold standard. The d-PDFs were down-sampled to simulate lower res-
olution by truncating qmax before FT. The interpolation method, referred 
here as ‘QSI subvoxel processing’, could then be applied and the results 
compared with the original full resolution d-PDFs. 

Results and Discussion  
     Fig. 1 shows sample full 0.4 μm resolution, down-sampled 0.8 and 1.6 μm resolution, 
and QSI subvoxel processed d-PDFs. Note the close correspondence between the full res-
olution (blue diamonds) and QSI subvoxel processed (green squares) d-PDFs. Fig. 2 
shows plots of FWHMs measured from down-sampled and QSI subvoxel processed d-
PDFs, i.e. processed FWHMs, compared with FWHM of the original d-PDFs. Each point 
is a mean value for a specific WM tract that was averaged over five specimens. While all 
processed FWHMs show excellent correlation with the original full resolution FWHM, 
only QSI subvoxel processed FWHMs showed good agreement, i.e. close to zero y-
intercept. In addition, Bland-Altman plots were generated and the 95% confidence inter-
val spanned zero only for the QSI subvoxel processed measurements. These results sug-
gest that the FWHMs measured from QSI subvoxel processed d-PDFs were statistically 
identical to those measured from the gold standard full-resolution d-PDFs. 
     By using data from biological tissue acquired under ideal QSI experimental conditions, 
a standard test data set was created to investigate the validity of the QSI subvoxel pro-
cessing algorithm. The results suggest that not only does QSI subvoxel processing im-
prove d-PDFs with low resolution, but also that the processed d-PDFs are statistically  
identical to the full resolution d-PDFs. However, only a specific range of low displace-
ment resolutions were studied and further investigation with a broader range is needed.  
Conclusion 
     This work investigates the feasibility of QSI subvoxel processing to increase the apparent displacement resolution. The results show that this 
method may be used to interpolate d-PDFs up to a factor of four without loss in accuracy. 
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Fig. 1. Sample d-PDFs from a WM tract in a single specimen. (a) Full resolution
(0.4 μm), 1/2 resolution (0.8 μm), and QSI subvoxel processed d-PDFs (b) Full
resolution (0.4 μm), 1/4 resolution (1.6 μm), and QSI subvoxel processed d-PDFs.

Fig. 2. Plot of FWHM of 1/2 (0.8μm) and 1/4 (1.6μm) resolu-
tion and subvoxel processed d-PDFs (processed FWHM) vs the
full resolution (0.4μm) d-PDF (original FWHM) with lines of
best fit. 
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